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An investigation was performed on a CFR, single cylinder, 
four stroke engine to compare three different method.* of 
measuring the temperature of the exhaust gcse*. The three 
methods used were: 

1. Computation from indicator card. 

2. Direct reading of the E.E. shielded thermo- 
couple pieced at the exit of the exhaust 
port. 

3. Computation by use of a heat exchanger. 

The tests were carried out at three different compression 
ratios and through a range of five fuel air ratios. 

The indicator card method produced the highest tempera- 
tures. The G-. E. Thermocouple temperature showed an energy 
content of the exhaust gases lower than the energy content as 
computed by the Indicator method by approximately &$ of the 
heating value of the fuel. The heat transfer method gave 
temperatures lower than the other two and approximately ten 
percent of the fuel heating value below the indicator method. 
Good correlation was obtained among the three methods in the 
temperature trends with the maximum temperature at approxi- 
mately chemically correct fuel air ratio. 

The results of these tests are shown as plots of tempera- 
ture vs percent of chemically correct fuel air ratio. Final 
conclusions made are that the G.E. Thermocouple is the most 
practical within the range of the instrument and that the heat 
exchanger method can be made more accurate than in this study 
and can be used over a much greater range than the thermo- 
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couple. fhe Indicator cai*d. method ia not considered an ac- 
tual temperature measuring device. 
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INTRODUCTION 



The measurement of energy in exhaust gases has never 
been successfully determined due to the Inherent difficulty 
of measuring temperatures in a hot moving stream. Since an 
accurate measurement of these temperatures la necessary for 
engine heat balance and for the design of auxiliary turbine 
units, it is considered extremely important that a method 
be devised which will give satisfactory results. 

The present investigation is a comparison between two 
of the most satisfactory methods to date, the General Electric 
shielded thermocouple (Kef. l), and High Speed Engine Indi- 
cator card, with the heat exchanger method of this thesis. 

This work was done in the Sloan Automotive Laboratory 
at the Massachusetts Institute of Technology in April and 
May, 19^7- 



J)b3CBIjrTIoN OF &PPA * .aTU S 



OijrrffAL 

The set-up and arrangement of the apjaratus used In 
this investigation is shown in Jigs. 1, 2, and 3, 

KhGIHE 

The engine van a CFR, single cylinder, four stroke 
engine. It was liquid cooled, had single spark ignition, 
a variable compression ratio, a bore of 3.25 inches, and 
a stroke of 4*5 inohes. It had single inlet and exhaust 
valves with no overlap. The engine drove, besides the 
dynamometer, the oil pressure pump, the Ignition breaker 
points, the tachometer, the dynamometer exciter, and the 
H.X.T. high speed engine indicator. 



INLPT SYSTEM 

. Air supplied to the engine was passed through a sharp- 
edged orifice (0.515 inch diameter - installed with flange 
taps according to ASMX specifications — Refs. 2 and 3)» a 
50 gallon surge tank, a throttle valve, a vaporizing tank, 
and an intake pipe leading to the engine. Temperature of 
the inlet mixture was controlled by supplying either low 
pressure steam or cooling water to the vaporizing tank Jacket. 

9** V ^ A * 4> 1***1 ^ 1 f • r % * 1^, ) <i f I 

FUEL AHD FUEL SYgggl 

The fuel used was one hundred octane gasoline supplied 
by the laboratory system. The fuel was supplied by an exter- 
nally driven fuel pump and passed through a bubble separator. 
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a rotoaeter, and a needle valve directly over the vaporiz- 
ing tank. This valve was used to pressurize the supply 
line to avoid vapor lock. Vaporization was obtained by 
heating the vaporizing tank with ateaa (Fig. h). 

CTLigp-n COCLriG 9Y3I :■ 

Cooling was provided by circulating water thrcuch the 
wat-r Jacket by an externally riven circulating pump. The 
temperature was maintained constant at boilln: point and 
excessive boiling was prevented by coolln.; coils. 

LJ.frilCATIltu SXSTiJ* 

The oil pressure was obtained through aa engine-driven 
.uap. The oil circulating pump was externally driven. The 
oil temperature was satisfactorily controlled by a heat ex- 
changer using low pressure steam or water. 

IOHITIOM SYjTaM 

Ignition we 8 provided by a breaker operating at one- 
half crankshaft speed. The electrical circuit Is shown in 
FIG- 5- 

The exhaust gases were discharged from the engine into 
a 1-1/^- Inch iron pipe expanding into a 2 inch pipe in which 
the General klectrlc shielded thermocouple was housed (Fig. 6). 
From here the gases were passed through a flexible steel 
coupling into » heat exchanger for cooling purposes. The 
gases from the heat exchanger discharged Into a surge tank 
and thence exhausted to the trench. The sntire system from 
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cylinder to di sohai’ge wus lagged to reduce heat loss to a 
minimum. A detailed sketch of the exhsust system Is shown 
in Fig. 3. 

MKASUHINO INSTRUCTS 

A large electric cradle-dynamometer was used to measure 
torque (Jig. 7) . Speed was determined by a calibrated mech- 
anical tachometer. Air flow was measured with a standard 
sharp-edged orifice constructed in accordance with the ASMS 
Fluid Meter Committee specifications. A differential water 
manometer was used to measure the pressure difference across 
the orifice. The orifice diameter was O.515 inches with 
standard flange pressure taps. The calibration and correc- 
tions for temperature and pressure for this set-up are shown 
In Fig. * 5 . Fuel flow was measured with a Fischer and Porter 
Stabl-Vis Rotoaeter; calibration curves for this rotoneter 
are shown in Fig. 9 * 

Atmospheric pressure was measured by a mercury barometer; 
inlet pressure was measured in the vaporizing tank, by a water 
manometer, as was the exhaust pressure in the exhaust surge 
tank. Spark advance was measured by a neon light (excited by 
the spark discharge) which revolved with the crankshaft. 

Cylinder inlet temperature was measured by a mercury 
bulb thermometer in the inlet pipe. Circulating water tem- 
peratures through the exhaust gas heat exchanger were measured 
by mercury bulb thermometers at intake and outlet. Exhaust 
gas temperatures were measured in four places; one, shortly 
after the exhaust port of the engine by the General Electric 
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shielded thermocouple, and et three places in the exhaust 
surge tank by iron-conetantan thermocouples. Oil tempera- 
ture was measured by an Iron- cons tan tan thermocouple in the 
crankcase. Fuel temperature was measured directly after 
the rotometer by a mercury bulb thermometer. The M.I.T. 

High Speed Indicator was used to obtain records of cylinder 
pressure versus crank angles. (Fig. 10). The M.I.T, transfer 
table was used to obtain pressure- volume diagrams therefrom. 
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PROCEDURE 



The primary consideration of this investigation was to 
correlate the results obtained from the three methods used 
to measure exhaust gas temperatures. This was done by tak- 
ing simultaneous readings of all the data necessary, as shown 
in Table I. The runs made were divided into groups of three 
different compression ratios with five different fuel-air 
ratios for each compression ratio. Compression ratios used 
were 7» and 9» and fuel-air ratios used were *50^, $ 0 $, 
100 $, 110 $, and 120 $ of chemically correct fuel-air ratios. 

The following conditions were held at constant values 
as indicated: 



Oil pressure 


40^2 psia. 


Jacket water temperature 


212°F 


Inlet valve clearance 


.012* 


Exhaust valve clearance 


.014* 


Engine speed 


I 600 jl 0 rpm 


Spark advance 


200 



The following factors were varied as necessary for test: 

1. Fuel-air ratio 

2. Compression ratio 

Many familiarisation runs were made to determine the 
best operating conditions. During these familiarization runs 
many difficulties were discovered which had to be overcome in 
order to proceed. First, the heat exchanger, used to cool 
the exhaust gases, was much more efficient than originally 
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designed (according to &ef. 4), and the cooler hf.d to be de- 
creased In size from 12' to £>*, and from counter flow to 
parallel flow, to maintain a temperature trell above 212°P 
in the exhaust surge tank. Also, due to excessive heat 
caused by lagging the exhaust pipes, a sodium-filled exhaust 
valve was used to maintain cooler valve temperature to lessen 
the probability of backfire. 



PlfcCUSblpM 



In this thesis three methods of exhaust gas temperature 
measurements were investigated. Two methods, namely, deter- 
mination of temperature from the indicator diagram and from 
the heat exchanger required computation and use of the Hot tel 
Burned Mixture Charts for (CHg) (Fig. 11). The third method 
was the direct temperature reading of the General Electric 
Thermo couple. A description of the use of the Hottel charts 
and the high speed indicator diagram for the solution of this 
problem is given below. 

To compute the exhaust gas temperature from a high speed 
indicator card the First La', of Thermodynamics was used. From 
a point “X* on the expansion stroke line immediately before 
the exhaust valve opens an equivalent cycle was used through 
the blowdown and exhaust processes. 

It was necessary to find a relation between the cylinder 
volume and the Hot tel Chert volume, and to determine the per- 
centage of residual gas "f* in the actual cycle. These two 
must be done together by trial and error. 

Relation between V C hart and Cylinder . 

In actual cycle: 

Fresh air/cycle * B pounds 

Air in resldufl gas/cycle » 2 pounds 

Total air/cycle = (B 4 2) pounds 

Total fuel/cycle s (B + 2)F pounds, where F ■ fuel-air ratio 
Total charge/cycls a (B * Z)(l 4- F) pounds 

Total residual gas/ cycle a 2(1 * F) pounds 
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t t V, 

~ (B'4> Z)( 1 + F) 



_Z 

B + Z 



feo ths t Z a ~ 

1-f 

Total charge/cycle s(B+Z)(l + F) s (a+ y^Hlfr) - e ^ ^ F j 

Chart sc. 8 s = (l * F) pound* 

Therefore ^rtaoja h^(h^) _ hi 
cycle mass B lTF' * B 

and y chart _ I-f 

v cylinder ** 3 

Thus a value for f was assumed and the v C yit n ^ er for 

point *X M converted to F chart . This value and the pressure at 

point *X M were then used to locate the corresponding point on 

the Hottel Chart for the same fuel-air ratio. 

Then expand adlabatloally to the exhaust pressure to get 

the volume of the burned eharge at exhaust pressure. 

Now f m ^clearance 
^exhaust 

This value of f was then compared with the assumed value, end 
the method of determining f repeated until the two values were 
equal. 

Now the point oould be accurately located on the 
Hottel chart. By expanding to total cylinder volume converted 
to chart volume, end to exhaust pressure, two points "4* and 
*5" respectively, could be located on the Hottel chart. 

Assuming that the chemical energy of the exhaust gas did 
not change during the exhaust prooess, the sensible enthalpy 
of the exhaust gas may be calculated as follows: 
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Pe(Vl-V 2 ) 

and the temperature of the exhaust gas determined from the 
Hot tel chart. 

Determination of Exhaust Gas Temperature 
SL the Heat Extraction Method 

The heat extracted from exhaust gases (Btu/sec) by the 
water was found from the rate of water flow (lbs/ sec) and 
its rise in temperature. Since the basis of the Hot tel 
charts is one pound of air plus the necessary fuel to give 
the proper fuel air ratio, the Btu's/sec found from the 
water flow was converted to Btu's/lb air by dividing this 
value by the mass rate flow of air in lb9/sec. 

Using the mean temperature of the gases in the surge 
tank, the enthalpy of these gases was determined from the 
Hottel chart at an entropy of O.30. This entropy was used 
because the eetual point was off the chart. This intro- 
duced no error because in this region enthalpy is a function 
of temperature only. By adding the heat extracted 
(Btu/lb air) the enthalpy of the gases at exhaust was found, 
from this value the temperature was read directly. 

Design Considerations 

The design of the heat exchanger for cooling was criti- 
cal. The area had to be such that a reasonable rise in 
water temperature was produced (to minimise errors in read- 
ing); that the rate of water flow was sufficient to prevent 
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steam pockets; ana that the temperature of the exhaust 
gases in the surge tank we* sufficiently high to avoid 
water condensation. 

Three ninety degree turns were made in the exhaust 
system before the heat exchanger. This was dee ied neces- 
sary in order to prevent the shielded thermocouple fro® 
"seeing" the hot exhaust port or the entrance to the 
cooler. Also, these turns induced turbulence end helped 
to prevent stratification of the exhaust gases. To mini- 
mize the possibility of a large temperature gradient 
across the thermocouple, a third turn was introduced Im- 
mediately before the cooler. This turn directed the ex- 
haust gases vertically upward into the cooler which allowed 
easy removal of air from the cooling water system. 

The heat exchanger consisted of a two-inch pipe 
concentrically placed in a three-inch pipe. One bend was 
made in the cooler making the discharge horizontal for 
convenience of installation end instrumentation. This was 
done by spider spacing around the inner pipe, tipfttly pack- 
ing sand between the pipes, end cold bending the co n blnation. 
This method proved very satisfactory end is recommended for 
any similar construction. 

The surge tank was used to bring the exhaust gases to 
a sufficiently stagnant condition to allow accurate pressure 
and temperature measurements. 

The whole system was lagged with high temperature insu- 
lation and it very effectively minimized heat losses to the 
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atmosphere. I>ue to this lagging, it is recommended that 
the exhaust pipes and flexible coupling prior to the heat 
exchanger be made of high temperature steel, if the use 
of a measuring thermocouple is anticipated. The use of a 
flexible coupling between the exhaust pipe and heat ex- 
changer was considered advisable in this investigation to 
prevent damage to the engine cylinder heed due to vibration 
between the engine mount and the heavy cooling system, and 
to allow for changing of the compression ratio without mov- 
ing the heat exchanger. 
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RESULTS 






Ttie temperatures were computed according to the 
methods described in the Discussion and were plotted in 
Figs. 12-17. As can be seen from the curves, the trend 
of temperature change by each method agreed exceedingly 
well. Since a spark advance of 20 degrees was used in 
all runs, the shape of the curves for each set of com- 
pression ratios differed from one another. This was ap- 
parently due to the fact that best power spark advance 
was not used for each compression ratio and fuel air ratio. 

The results from the heat exchanger method used in 
this investigation were not quite in agreement with the 
direct reading of the G.E. thermocouple and were well out 
of agreement with the indicator method. This was ex- 
pected due to the simplifying assumptions made, namely, 
that the exhaust system process was adiabatlo and the 
"blow-down” was isentropio. 

The temperatures computed by the indicator method 
were fundamentally theoretical and are not to be con- 
sidered the actual temperatures existing in the exhaust 
pipe. However, the nearer to this temperature that any 
method can come, the better the method. From the curves, 
the temperature difference between the theoretical and 
the computed temperature is on the order of 400°F. This 
is not considered to be close enough to give an accurate 
heat balance of the engine, nor to predict accurately the 
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energy remaining in the exhaust gases. No aoeurete heat 
balance has ever been performed on an internal combustion 
engine, tot according to theoretical considerations, ap- 
proximately 15$ to 20 $' of the heating value of the fuel 
is dissipated in the cylinder and jacket. Because the 
exhaust pipe and port in this investigation were at such 
a high temperature, due to the lagging, it was expected 
that the heat transfer back to the cylinder from the ex- 
haust pipe would appreciably increase the amount indicated 
above* Therefore, by taking an estimated 8-# to 11# of 
the heating value of the fuel, additionally dissipated to 
the cylinder and Jacket, and applying this correction to 
the curves already obtained by the cooler method, they can 
be made to fall directly on the indicator curves. 

The G.E. thermocouple gave results that were closer 
to the indicator temperatures, the average error from this 
temperature being about 6# to 7# of the heating value of 
the fuel. Because of its small size and simple installa- 
tion, this thermocouple was considered both practical and 
accurate. Therefore, it is concluded that this method is, 
to date, the most satisfactory method of measuring high 
temperatures in a hot moving stream within the limits of 
the instrument, that is, up to 1800 degrees Fahrenheit. 

Since the error between the G.E. thermocouple reading 
and the heat exchanger method is only about three percent 
of the heating value of the fuel, and since this error can 
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b« further reduced or eliminated by connecting the heat 
exchanger, with an insulating coupling, directly to the 
exhaust pert of the engine, the method developed in this 
thesis is recommended for uso with engines whose exhaust 
temperatures are both in and above the temperature range 
of the G-.B. thermocouple. This is based on the assumption 
that tho G.E. thermocouple gave results closest to the 
eetual conditions. 
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COMCLUSlOKa 






1. Satisfactory correlation was obtained among the three 
methods investigated, 

2. The General Electric shielded thermocouple gave values 
closest to the expected results and is the moot prac- 
tical reliable method. 

3. The heat exchanger method is sufficiently accurate for 
the measurement of temperatures above the range of the 
G.E. thermocouple. 

4. The indicator method cam be used for rough results by 
subtracting approximately 6$ of the heating value of 
the fuel from the energy of the exhaust gases deter- 
mined by this method. 



RSCGi2 LUJATICWS 



1. This investigation should he further carried on, con- 
necting the water cooler (by insulated coupling), 
directly to the exhaust port to further reduce heat 
losses. 

2. To establish a definite trend of the temperature curves, 
best power spark advance should be used for all runs. 

3. If a similar set-up is used, high temperature metals 
should he used for the portion of the exhaust pips 
between engine and cooler. 
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ajUfPLa OrtLCOIrtTIOMB 



H^at Exchanger iethod 



Condition*: Compression ratio 8 

Fuel air ratio 120$. of chead cully correct 



Moan temperature in exhaust surge tank (°F) 303 

Mass rate of water flow (lbs/min) 3.43 

" • " air " (Ibs/seo) 0.0149 

Rise in cooling water temperature (°F) 104 



Heat extracted by cooling «ater s JL2&k s 5»95 Btu/sec 

60 



* •foife s 399 Btu / lb air 



Sensible enthalpy of gases 9 303®? (Btu/lb air) 102 
Rise in sensible enthalpy of gases (Btu/lb air) 399 
Final sensible enthalpy of gases (Btu/lb air) 501 
Temperature of exhaust gases at exhaust (°T) 1555 



Indicator Card Method 



Conditions: Compression ratio 8 

Fuel air ratio 120$ of chemically correct 



Symbols : M a - mass of air (lbs/cycle) 

v cyl - actual cylinder volume (cubic inches) 
f - mass fraction of residual gases 



J> x - pressure at point "x" on indicator card 

F x - cylinder volume at point "x” on indi- 
cator card. 

E a - sensible internal energy (Btu/lb products) 
H a - sensible enthalpy (Btu/lb products) 

“» = ^T- ' 1 120 * * 001121 



Clearance volume - 5 * 333 cubic inches 



Assume f s .044 
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Fro* Indicator diagram 
= 65.95 #/in 2 



V x = 37.73 in' 
v churt = 2Zz22 x * -i£ 6 ^ 5 

CiUiiTU 172g * .001121 

> • ’ I • 

^clearance = f^ff 2 * = 2.63 ft 3 



Froa Chart 

Tj i 60 ft 3 ... f . Vqlearanca = 2J& . ^ 



From Indicator diagram 
Vj^ — 42.664 1&^ 

y l - ^ 1 tfc « 21.05 

Froa Chart 

£ S 4 s 385 - 336 s 549 
E a5 - 692 - 336 s 356 

a - f)H se = x tk - fs, 5 ♦ T a > 

= 519 - .0 W, x 356 ♦ 1 18 

t • C , . , 

- 533*6 

H aa = 610 Btu/£ air f fuel 
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